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A b s t r a c t  ' We have studied different phases like liquid gas phase, beta equilibrium  phase 
and deconfined phase involving quarks o f  neutron rich m atter in the fram e w ork o f  recently 
proposed hybrid derivative coupling model. We discuss the possible existence o f  a hybnd star 
w ith the core consisting o f  asym m etric quark m atter, an interm ediate region o f  m ixed phase 
con ta in ing  quarks and neu trinos and a crust o f  neutrons. We have determ ined  asym m etry  
param eter (i) pinfl for w hich both pressure and com pressibility  vanish and (ii) for w hich 
binding energy as well as pressure is Aero. Baryon density and energy per baryon o f se lf bound 
asym m etric  quark m atter resu lting  from  neutron have been ca lcu la ted  C o m pressib ility  o f  
asym m etric  quark m atter has also  been determ ined
K e y w o rd s  . N eutron m atter, quark  m atter, hybrid s ta r 
P A C S  N o. 12 .38  M h
The purpose of this paper is to study different phases and aspects of neutron rich matter or 
highly asymmetric nuclear matter characterized by asymmetry parameter /J = (N-Z)  / (N +Z) in 
the framework of recently proposed hybrid derivative coupling model 11 J. In the low density 
region with density p < p 0 (saturation density of symmetric nuclear matter), liquid-gas mixed 
phase of neutron rich matter can exist only for a very narrow range of /J values which are close 
to unity. We determine /J = pmJl close to 1 in the liquid-gas phase region at zero temperature for 
which binding energy (el p - M )  has a point of inflection associated with the vanishing of both 
pressure and bulk modulus K. We also determine /? = PfJ for which (e l  p  -  M ) and pressure 
simultaneously vanish. Further, the particular value of P = for which binding energy at p = pQ 
(which is the density of symmetric matter) vanish has also been evaluated.
It is of interest to study beta equilibrium phase of neutron rich matter at moderately high 
density. Starting from the usual relation involving chemical potentials pn , pp and pe of neutron, 
proton and electron respectively in beta equilibrium. We find that the part of the difference 
(Mn - p p) is 4Ip times the symmetry energy which according to Prakash and Anisworth [2] and 
determines the amount of conversion of some of the neutrons at the top of the Fermi sea into 
protons, electron and neutrinos.
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At sufficiently high density, prevailing in some of the neutron stars, it is possible that 
neutron matter in the core of a star is transformed into a deconfmed phase consisting of 
quarks. In the first order phase transition of neutron matter to quark matter there is a mixed 
phase region where there is a coexistence of both neutron matter and asymmetric quark matter 
which contains down quarks and up quarks in the ratio 2 to 1. In some neutron star with certain 
central density (partly determined by compressibility) we find that there can exist a hybrid star 
where the innermost core is occupied by quarks, the intermediate region contains the above 
mentioned mixed phase and the outermost region the crust of the hybrid star consists of 
neutrons only. We have evaluated baryon density and energy per baryon of self-bound above 
mentioned asymmetric quark matter characterized by zero pressure. Compressibility of this 
quark matter has also been determined.
The mathematical formalism for hybrid derivative scalar coupling in which the ratio of 
the strength of Yukawa point coupling [3] to that of the derivative coupling of scalar meson to 
nucleon [4] is taken to be ( l-a )/ah a s  been given in our recent work [ 1]. In this formalism we 
work with the following Lagrangian [ 1J for asymmetric nuclear matter involving fields of nucleon 
(y/), vector-isoscalar meson (cou ), vector-iso vector (p^ ) and masses and coupling constants 
associated with the fields.
In eq. (1) co^v andp^v are usual tensors. In the mean field theory (MFT) approximation, 
the field equation for vector-isoscalar field is expressed as
+ — i
where
(2)
/  \
(3)
where the vector density or baryon density p  is given by
(4)
Similar equations for vector isovector and scalar mesons are found to be
(5)
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and
M H k 2 + M * 2y ' n  k 2d k . {6)
Fermi momentum or kFn can be written as
kFp,kF„=( \+ p) i n kF . (7)
The relations (2), (6) and (7) help us to determine effective mass M* as a function of density 
and asymmetry parameter/?.
In the following, we introduce some new parameters related to the various coupling 
constants [4]
g2A M 2 / m 2A = C2A = BA(p0 / M i )~\  (8)
where the suffixA stands for any one of the suffixes V , V  and ‘p ’ occurring in cqs. (1) and (2) 
and Po = kFo is the saturation density of symmetric nuclear matter.
The energy density and pressure for asymmetric nuclear matter are given by
and
where
e<P.0 ) = X  « F ,+ e « + e p + e ff
t~n,p
P ( p , /? ) = £  /Vl + f „ + c p - e f f .
i= n ,p
(9)
( 10)
+ M *2)'12 k 2 dk , (11)
PF, ~ ( e F' M * p sl)
_ 2
( ^ + 0  =
e~ =
M
p 2 M
4
2 c : ■ r
1 - M * / M
1 - a + a M * / M
( 12)
(13)
(14)
In the neutron rich matter, some of the neutrons near the top of the Fermi sea undergoes beta 
decay. In the beta equilibrium chemical potentials of neutron, proton M „ p ( -  de / dp n p) and 
electron are related by the following equation
(15)
In view of the above relations and charge conservation we have
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C?
K - ^ , +^ 2 p P  = kFp -
where effective chemical potentials p'n and are given by
K . A kl , , + M ' T  ■
Expanding in powers of asymmetry parameter/? we have
c :  2
P Pp+=rP2 M
k\. i *2K + h * ; + 4 w *4)
V 1 /2 + r,. P
3 (k2F + M * 2)m  81 [k2 + M * 2f Z
+ . . .
(16)
(17)
= Jt,.(l-/J)l/3. (18)
The combination of the above two terms of the above relation represent 4//J times the 
symmetry energy E (p ) as given by Prakash and Ainsworth [21. Following Bombaci and 
Lombardo [5] it can easily be seen from (18) that proton fraction in beta equilibrium is 
approximately given by
Z
N - Z (19)
It is of interest to study liquid-gas phase and also compressibility of neutron rich matter 
characterized by the value of the asymmetry parameter /? close to 1. For any value of /?, the 
appropriate saturation density is obtained from the condition P(psat{P),P) = Q- Then the 
corresponding compressibility for the asymmetric system is given by 
Kp = 9dP(p,(5)/dpi (fi) p (/}) and K»dccrease with increasing value of /?. For
large value of /J, the so called parabolic law f5) for the variation ofKp with /? is not strictly valid 
and actual numerical evaluation is needed. In the domain where p <  P W,(P) . there is an 
unstable region where the pressure decreases with increasing density. This phenomena is a 
characteristics of liquid-gas phase transition in nuclear matter. The liquid gas phase transition 
region like p  ml (j3) gets smal ler as asymmetry parameter /3 increases.
We can determine the value of asymmetry parameter f } ^  which is close to 1 and 
P = Psat^PmjP f° r which both pressure P(P.Vfl/(^„!/;)>i3,fly;) = 0 and bulk modulus
=9(dpldp)\ , ) = 0. It is found that bulk modulus vanishes when
(0.275p 0) 0.915 (O.I90p„) and 0.925 (0.16p0) for hybridization 
parameter a  = 0, 1/4 and 1 respectively. The possible curve for binding energy (e/p-M) of 
asymmetric system versus p  has a point of inflection when p  = Psut(Pjnf] ) anc* P = P ^ -  
Compressibility K for symmetric nuclear matter is found to be K (in MeV) = 540,307 and 225
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corresponding to a  = 0, 1/4 and 1 respectively [1J. We have found that Kp (in McV) = 272, 156 
and 13 for /J= 0.3,0.6 and 0.9 respectively in the case when a= 1/4.
Similarly, we have determined the values of (5 = PfV p  = pfJ (j3fJ) for which both binding 
energy and pressure P = p 2d (e / p - M ) / dp vanish. We have found that
( P j i ' P j i ^  = (0.79,0.562po), (0.82, 0.415po) and (0.84, 0.32p0) when a  = 0 , 1/4 and 1 
respectively. We find that (e/p-Af) a tp = p0, for the asymmetric system vanishes for P =0.7085,
0.6889 and 0.6888 corresponding to the case when a =  0, 1/4 and 1 respectively.
It is of much interest to study highly dense nearly pure neutron matter (p = 1) which 
exists in the neutron star. At high density there is a possible phase transition from neutron 
matter to asymmetric quark matter. This may imply possible existence of hybrid star with the 
core containing quark matter and crust is composed of neutron matter. In view of the above 
mentioned phenomena, we now consider thermodynamic quantities in the high density region. 
In this region energy density and pressure of neutron matter are given by
7T2 t
2 _2/3 k .^ + 2 -47'1 kFM * 2 +....] ft) p  cx (20)
and
p. "  * ;  ■ *! + -• • • ] « . + V
where
£a + e p = ( ] / 2)PoMB;.(kF/ k Fl>f
and
B'V= B V+Bp / 4,
and 6^ has already been defined by eq. (14)
Effective mass Af* appearing in above equations is given by
Af* = 2,/V M / [ c 2 ( l - c t ) 3Jk£] for a  = l
(21)
(22)
(23)
(24)
= 2 1/l2 (« 2 / C 2p  (a/ 3 / k F)U2 for a  = I.
Chemical potential for purely neutron matter at high density is expressed as 
Hn s { k F /kFo)3 m b ; + 2 ,/3 kF +2~m m *2 *;•.
In view of the relation (24) and (26) we can write
vl/3 , /  \ 5 / 3 ’
(25)
(26)
( ^,/3
K
MK j
l - 2,/3 k e„ f  M„
14/3 xFo
3 A*. I * * 27(1- a ) 1 B2 n n
K
MB’ (27)
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Using (27), wc can express Pn as a function of chemical potential
= <28)
Chemical potential for quark matter resulting from the deconfmement of neutron matter 
is expressed as
P W = P u + 2P,i'  (29)
where jUu and /Jtl are chemical potentials for u-quark and d-quark respectively and further
<»>
assuming quarks (u and d ) to be mass less.
Pressure, energy density and baryon density for quark matter are given by
P =</ (31)
e ^ l P ' + A B , (32)
and
P b,, = ^  / * 2 = (1 / * 2) (1 + 24V  h ] . (33)
where B is the bag constant in MIT bag model [6] for quarks. In view of the above relations wc 
can write
£,  = (3w / 4 ) ( H 2 “ ) « ' “ p “  (34)
Energy per baryon of above self-bound asymmetric quark matter is
_ /~  . ,4/3\3/4,l/2 -1/47 ?« .< ,=  2 ( I +  2 ) *  B  (35>
In the following, we give an expression for compressibility of asymmetric quark matter (resulting 
from deconfinement of neutron matter) K evaluated at the density for which Pq=0 corresponding 
to the self-bound quark matter
Kq = 3(2n) 'n  (l + 24/,) V4 fil/4 . (36)
Phase transition from neutron matter is determined by the following Gibbs criteria for 
equality of the chemical potentials and pressures of the two phases
(37)
and
(38)
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We have already defined Pn and P by (28) and (31) in terms of the corresponding 
chemical potentials^ andp^. It is found by actual calculation that jlic , Pc and other characteristics 
of the phase transition like normalized baryon density p j p0 and energy density £ and the 
corresponding quantities pB / p0 and £ for quark matter all increase as a  increases or bulk 
modulus (associated with the hybridization parameter a) K decreases. Further all the above 
characteristics increase with increasing bag constant/?. It is found that for almost the same bag 
constant, pc (in MeV) = 1.39, P. (in MeV fa r3) = 0.150 for the hybrid derivative coupling model 
characterized by a =  1/4 (B ,/4 = 178 MeV) [3] agree very well with the corresponding results 
1.37 and 0.149 of Serot and Uechi (fl,/4 = 175 MeV) [7], In this case, other characteristics of 
phase transition pw, pB , en and e (in GeV f a r 3) arc 3.30p0, 5.13p0, 0.579 and 0.983 for a =  1/ 
4 which generally do not differ very much from the corresponding results 4.02 p0 , 6.77p0, 0.92 
and 1.65 of Serot and Uechi [7].
It may noted be that Nishizaki et al. [8] have found that in their model characterized by 
bulk modulus K = 300 MeV and maximum mass of neutron star M = 1.87 MOJ the central 
density designated by pt is pc = 8.29p0 . We may note that according to the recent estimate of 
Sharmaef al f9], bulk modulus/f = 300 ± 25 MeV [9]. In our hybrid model characterized by a =  
1/4, the bulk modulus has almost the same value namely K = 307 MeV and it is somewhat likely 
that p( in this case is about 8p0 . It may be pointed out that we get satisfactory results for bulk 
properties of symmetric nuclear matter when a  is about 1/4. The p-meson coupling constant 
C2p = 104 for a =  1/4. C2 and C2 for a =  1/4 have already been given in Ref. [ 11. In the above 
case, we may expect that possible hybrid neutron star may have three regions. In the innermost 
region starting from central density pf of about 8p0 to 5.13 p0, we have purely quark matter. In 
the intermediate region extending from 5.13p0 to 3.30p0 , wc have mixed phase where both 
neutron matter and asymmetric quark matter coexist. In the outer region or the crust, we have 
purely neutron matter with density ranging from 3.30p0 to zero density. The mixed phase of the 
above mentioned intermediate region of hybrid star is generally characterized by a parameter 
(called the volume fraction (10] of quark phase) defined by f Q = (P -  P„) /(Ps.q ~ Pn) where 
p is some density of the mixed phase. For bag constant B ,/4 = 236 MeV [ 11 ], a =  1/4 and p{ = 8p0, 
above mentioned pn andpB for phase transition are found to be 5.32p0 and 12p0 respectively 
and consequently previously mentioned innermost region of pure quark matter does not exist 
in the hybrid star. It may be pointed out that recently Overgard and Overgard [ 12] have studied 
quark star and Mishra et al. [ 13) have considered neutron matter with pion condensate to 
investigate hybrid quark stars. Possible existence of hybrid star may be inferred 
from measurements of red shift at the star surface, moment of inertia of the star and neutrino 
emissivity.
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